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APPENDIX A I 
DERIVATION OF FET MODELING CODE 4 


vy.) INTRODUCTION 


The TRW FET model is biased on a two region approximation to the conditions under 
the gate. The following sections derive the noise figure from this assumption. Sec- 
tion 5 indicates how a variable vertical doping profile is included in the model and 
Section 6 describes how the parasitic resistances and capacitances are calculated. 


2. THE INTRINSIC FET 


2.1 THE FET MODEL 


One of the many FET models that have been developed in the last decade, with the 
fewest restrictions and assumptions, is the Grebene-Ghandi model. Its fundamental 
principle is a two-piece linear approximation of the velocity-field characteristic of 
a semiconductor exhibiting velocity saturation as shown in Figure 2-1. 
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Figure 2-1. Two-Piece Linear Approximation of the y 
Velocity-Field Characteristic of a - 
Semiconductor Exhibiting Velocity Saturation ; 


This velocity-field characteristic divides the intrinsic FET model into two 
regions: region I of length Ly the constant mobility region where the velocity is 
field-dependent;, and region II of length Lo the constant velocity region where the 
electric field has exceeded the critical field E, and the carriers travel at the 
saturation velocity Vs independent of field strength. This two-region model for the 
intrinsic FET is shown in Figure 2-2. The piecewise linear approximation of the 
velocity-field characteristic necessarily involves compromise in the choice of values 
used of Ec, uo, and V<. The mobility (vg) is evaluated from the doping density (No) by 
the use of a Taylor Series expansion as 


~ | ygl-2-781 x 1073 x 1093(Ng) + 1.0249 x 107! x 1092(No) - 1.251 x 1og(No) + 8.8249] 
(2-1) 
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Figure 2-2. Two Section Model of the FET 


Equation (2-1) is in essence the result of curve fitting techniques applied to the 
velocity - doping characteristic for type GaAs as given by Szel in the range 
1014 < No < 1018 


For a typical mobility value of ug = 4500cm/Volt-sec E, needs to be chosen 
as 2.9 kV/cm in order to obtain the typical saturation velocity of 


Vs = tig Eg = (4500 cm@/v-sec) (2.9 kV/cm) = 1.3 x 107 cm/sec. 


This choice for E, is somewhat lower than the measured saturation field 


3 kV/cm < E. < 4 kV/cm; 


however, it is the only compromise made throughout the model, and the choice is 
certainly justifiable on the basis of good correlation between thoretical and 
experimental data of noise, dc conditions, and small signal parameters. 


2.2 SMALL SIGNAL PARAMETERS 


The FET model outlined in Section 2-1 has an equivalent circuit as shown in 
Figure 2-3. 
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acne Ett 


CIRCUIT ELEMENTS ENCLOSED BY THE DASHED LINES PERTAIN TO THE 
INTRINSIC DEVICE 


CIRCUIT ELEMENTS NOT ENCLOSED BY THE DASHED LINES INDICATE THE 
PARASITICS CONTRIBUTED BY THE ANCILL ARY REGIONS 


Figure 2-3. Small Signal Equivalent Circuit of the FET 


The circuit elements enclosed by the dashed line constitute the intrinsic FET (region 
under the gate) and elements outside the dashed line are the parameters contributed by 
the ancillary regions. A prospective sketch of the FET indicating the geometric 
regions responsible for each circuit element is shown in Figure 2-4. Each of these 
circuit elements can be expressed as a function of the characteristic dimensions of the 
device, corresponding doping concentration of the region under consideration, and the 
dc biasing conditions. 


Figure 2-5 is a cross-sectional diagram of the intrinsic FET showing various geo- 
metrical dimensions and potentials used in the equations to follow. From Figure 2-5 by 
adding potential drops inside the FET (i.e., in the channel and depletion region) and 
equating this sum to the externally applied voltages the following equations result: 

Veg = W(x) - 6 + V(x) 


or 


W(x) = Veg +o - V(x) 
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Figure 2-4. Perspective Sketch of the FET Indicating 
Geometric Regions Responsible for each 
Equivalent Circuit Element 


Figure 2-5. Cross-Sectional Diagram of the Idealized 
FET showing Geometrical Dimensions and 
Potentials 


Here V(x) is the potential at position x in the channel with respect to the source 
while W(x) is the potential in the channel with respect to the gate. In particular, 
W(x) is the potential drop across the depletion region. It does not include the 
built-in potential of the gate, *. Therefore, ¢ adds to the gate bias, Vcg and is 
typically 


0.6 volt <  < 0.7 volt 


for GaAs Schottky barrier junction using aluminum metallization. At the source (x = 0), 
V(0) = 0, and equation 2-2 becomes 


w(0) = We = Vg + @ 


At the interface of regions I and II, (x = Ly), V(L1) # Vp, and equation (2-2) becomes 


W(L,) = Wy = Vg +o - V5 (2-4) 


at the drain (x=t), V(L) = Veg? and equation (2-2) becomes 


WL) Wy = Vogt > Veg (2-5) 


The gate-to-channel potential required to totally deplete the channel of carriers 
is given by the expression 


Woo * (r= )a? (2-6) es 
ro ; 

where q = 1.6 x ion? coulombs, Ny = doping concentration in the channel, typ = 12.5 

is the relative dielectric constant of GaAs, cg = 8.854 x 10714 farads/cm is the 

permittivity of free space, and 'a' is the half-thickness of the semiconductor 

between the gate electrodes (see Figure 2-5). Since equations (2-3), (2-4), and (2-5) 

are simply the potential of the depleted region at three different points along the 

channel, they can be written in the form of equation (2-6) as 


aN, 2 (2-7) 


Wo * (7-2-] (sa)? = WooS 


ro 


2 (2-8) 
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qN 
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From equations (2-6), (2-7), and (2-8) “s" and "p" can be expressed as 


nn 
" 


1/2 7 
(W,/Myg) (2-10) 


1/2 7 
(Wo /Wgg) (2-11) 


ao) 
a" 


The quantities s, p, and d are reduced or normalized potentials. The following analy- 
sis will derive the characteristics of the FET in terms of and p. 


The potential across the depletion region can be founa by assuming that the poten- 
tial changes in the y direction much more rapidly than in the x direction. That is 


aW(x) mee av (x) 


ay aX 


“nis condition is satisfied when the channel thickness, a, is much smaller than the 
channel length, L. Making this assumption allows one to calculate the y component of 
the electric field using Gauss' law. Integrating a second time gives the potential 
W(x). Since there are no surface charges along the edges of the depletion region, 
the potential is 


N 
W(x) = ve \t ~ b(x) J? ce RETR) 
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N 
= ( ve a“[1 - b(x)/a]? 


2 
ERE 


Wall ~ b(x)/a}? 


where b(x) is half the channel opening at point x (see Figure 2-5), and (1 - b(x)/a) 
is the fractional depth of the depletion region at the same point. It is convenient 
to define this fractional depth as 


w(x) = 1 - b(x)/a (2-13) r 

(4 

Then equation (2-12) can be written as 5 
2 4 

W(x) = Wootw(x)] (2-14) : 


Comparing equation (2-14) to (2-7) and (2-8) indicates that s and p correspond to w(x). 
Therefore, s and p not only represent reduced potentials but are also related to the J 
depth of the depletion region. In Figure 2-5, (1-s) and (1-p) are accordingly 


A-7 


indicated as the fractional channe! openings at the source end and in region IJ, 
respectively. The drain current at point x is given by Ohm's law as 


Lei? 2b(x) Zo [oW(x)/ax] (2-15) 
where Z is the gate width, 


N 


o * WON 


the conductivity of the undepleted region of the channel and 3W(x)/ax = E(x) the 
longitudinal field in the channel at point x. From equation (2-14) the expression for 
the longitudinal field can be written in terms of the fractional channel opening as 


aW(x) _ dw(x 
a) 2W, 4 w(x) dix) (2-16) 


From equation (2-13) the expression for the half-channel opening can be obtained 


as 
b(x) = a{l-w(x)] (2-17) 
By the use of equation (2-16) and (2-17) equation (2-15) can be written as 


I dx = 4ao2W [1 - w.x) Jw(x)dw(x) (2-18) 


Both sides of equation (2-18) can be integrated for region I in which the limits of 
integration for x are 0 and Ly» and the limits for w(x) are s and p (see Figure 2-5). 
The result of this integration yields 


2aoZW 
00 (2-19) 
Ty c f, (sp) 
where 
fy (ssp) = pees? 2 Hp? =) (2-20) 


Vo=u€ (2-21) 


where ES is the critical longitudinal electric field at which the carriers reach 
their saturation velocity. Also in region II (or the constant velocity region) half 
the channel opening is given by 


b = a(l-p) (2-22) 


Bo ree een ene 3 rea ORT TRY 


and remains constant for Ly <x <L, thus the expression for the drain current in 
this region is 


I, 2boZE. (2-23) 


d 
or by equation (2-22), equation (2-23) can be rewritten as 


Ig = 2acZE,(1 - p) 


Since there is current continuity across the interface of regions I and II, an 
expression for L, can be obtained from equations (2-19) and (2-24) 


As A) (2-25) 
(T= p) 


s 


Both the drain current and the length of region I are now expressed in terms of s and 
p. To determine the values of these parameters it also is necessary to express Veg 
in terms of the reduced potentials. 

The source-to-drain potential drop in the channel can be calculated by integrating 
the longitudinal electric field from x = 0 to x = L; this integration is done in two 
parts: from x = 0 to L, (region I) and from x = L, tox = L (region II). For region I 
the longitudinal electric field is given by equation (2-16) 


L 


1 
OW (x) dx = 2W 
ax fo) 
0 


which yields 
W(L)) - W(0) = Wo (w(t) - w°(0)] 


From equation (2-13) the fractional depth of the depletion layer can be 
obtained as 
w(L,) = 1 ha b(L,)/a = (2-28) 
w(0) = 1 - b(0)/a=s (2-29) 


Substitution of equation (2-28) and (2-29) on the right-hand side of equation 
(2-27) and substitution of equation (2-3) and (2-4) on the left-hand side of (2-27) 
gives 


-V, = Woo (p* -s*) (2-30) 


pen i 


For region II the longitudinal electric field is determined entirely by free 
charges on the drain electrode (neglecting carrier accumulation). In this region the 
potential satisfies the two-dimensional Laplace's equation 


yo = 0 (2-31) 


For the asymmetrical transistor the boundary conditions for equation (2-31) are: 


ag = L <x< L 
ay 6% 90) 0 i 
o(x,a) = 0 Ly <xel 
(2-32) 
o(Ly>y) = 0 -0<y<a 
3 = 
putty ey) = E. -0<y<a 


Equations (2-31) and (2-32) form a well-formulated boundary-value problem; the 
solution to this problem is 


Fi : (2n + 1 (2n + 1) 2-33 
(x,y) A, cos (20, Uy | sinh [izns Wats uy] (2-33) 


n=0 


which can be truncated to 


7 2a 2a 


mx -b 
o(x,y) = - Za E. cos(#2) sion (2-34) 


in which only the first term is considered. This approximation removes the terms with 
large arguments in the exponentials of the hyperbolic sine term which vary rapidly with 
y. The voltage across region II is therefore 


mL - Lb 
o(L,0) - g(t, 0) a 2a Eg sin" | (2-35) 


where o(L, 0) = 0 due to the boundary conditions given by equation (2-32). The 


overall source-to-drain potential drop in the channel is finally obtained from 
equations (2-30) and (2-35) as 


E n(L - L,) 
2 2 2az{ Ss ‘ 1 
sd ~ Moo )'P 3%) +2(2) son| A (2-36) 


nm(L - L,) 
Hog 4 = #2) #2 () 6 sin] 


<= 
“ 


A-10 


ee eee 


mes 


—~_-~ om on a= Get GSE HB 


where 
6eg- (2-37) 


Equations (2-3) and (2-7) relate s to the gate voltage. After substituting for 
L}. equation (2-36) relates s and p to Veg: Therefore, given the bias conditions and 
the physical properties of the FET, the reduced potentials s and p may be found. 
Although these equations have been derived for the intrinsic FET, they are still i 
useful when parasitic resistances in the source and drain region of a practical device 
are included. These parasitics introduce additional voltage drops which are expressed 
as a parasitic resistance times the drain current. However, using (2-24) for the 
drain current, one can still reduce the problem to two equations in the unknowns s 
and p. The following sections will derive additional device parameters and ultimately 
the minimum noise figure in terms of s and p. 


2.2.1 Transconductance 


The transconductance of a FET device is defined as 


9 =-=az— 


ae dI,, 
m Weg 


(2-38) 
Veg = constant 


From equations (2-27) and (2-38) the transconductance can be expressed alternately as 


Get = 2007.35 | (2-39) 


From equations (2-3) and (2-7) as/aVeq can be obtained as 


OS 642. eek 


ay (2-40) 
Veg 2sWog 


Also from equation (2-36) since qVey = 0 


gE n(1 - L,) } 
2pdp - 2sds - | cosh =e [dig = 0 (2-41) 


Also from equation (2-25) 


W E L 
dL, = ra E + & (rile - 2s r= ds (2-42) 


Substituting (2-42) into (2-41) and collecting terms, the ratio dp/ds can be obtained 


as | | 
ap _ 2s(1 - s) cosh [n(L - L,)/2a] - 2s(1 - p) (283) | 
S _ 
{2p(1 - p) + E.L/WooJ cosh [n(1 - L,)/2a] - 2p(1 - p) 
Substitution of equations (2-40) and (2-43) into equation (2-39) yields for the 
trandsconductance 
E (1 - s) cosh [L - L,)/2a] - (1 - p) 
a iat DAG) 
oo {[2p(1 - p) + ELy/L] cosh [n(L - L,)/2a] - 2p(1 - p) 
s 
=o f (s,p) 
Woo 9 
where 
I, = 2aoZE. 
(1 - s) cosh [nL,/2a] - (1 - p) 
f,(s»p) = (2-45) 


[2p(1 - p) + €L,/L] cosh [nL,/2a] - 2p(1 - p) 


The quantity I, is the saturation current and represents the maximum current that could 
flow through the channel assuming no depleted region. Notice that the transconductance 
function, f., is only a function of s and p since Lo =L- Ly> and equation 2-25 defines 
L, in terms of s and p. ! 


2.2.2 Qutput Resistance 


The output resistance is defined as 


dV 
=. 54 y 
Fae = q, (2-46) 
i Veg = constant 
t 
Following a process similar to that outlined for the transconductance, the output 
resistance can also be written in terms of I. Woo and a function of s and p. 
i Moo 2p(l-p) + &(l,/L) cosh [nL2/2a) -2p (1-p) (2-47) 
d I, 1-p 


: - (729) f. (ssp) 
. s 


A-12 i| z. 
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t . 
where 
j 
: (C2p(t-p) + &(Ly/L)] cosh {nLp/2a] - 2p(1-p) (2-48) 
($0) == 
r l l-p 


2.2.3 Gate-Source Capacitance 

The gate-source capacitance is defined as the rate of change of the free charge 
on the gate electrode with respect to the gate bias voltage when the drain potential 
is held fixed. 


i 
d f | 
sg 2-49) 
sg = 
Veg constant 
The gate charge can be obtained by a simple appiication of Gauss' Law as ; 
_ in —_—_ = —_- (2-50) 
Q, JB. ar ce SE. a8 
1 In equation (2-50) the differential surface element of the gate is 
* i 
: df = 9 Z dx (2-51) ! 
| 
mA where y is a unit vector normal to the gate surface. Also in equation (2-50) the 
. electric field under consideration is | 
. le te 
E=yeE 2-52 
y Ey (2-52) 
ie or the y component of the field. This electric field has two different expressions: 
Eva (x,a) in region I and Eve (x,a) in region II. 
From equation (2-12) the field in region I can be calculated as 
u e QW 
E ~- GW(x) _ “00 2 : 
yt X28) ab (x 3 [1 - b(x)/a] (2-53) 
In region II there is an additional component due to the Laplacian potential if 
: of equation (2-34); consequently t 
do (x,y) 
_ W(x J 4 
Eyp(xea) = Geet a Pa (2-54) F 
j : x= Ly yza ; 
| 2W n(x = L,) 
bat = _90 1 1 
( a p+ E. sinh aT ae 
L 
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Substitution of equations (2-52) through (2-54) into equation (2-50) yields 


where 


2Wootréo L L 
a, = (eee f Ey (xsa)dx + ff Fyp(xsadox 
ta) L 
] 


AWooeréo Hp - 3°) - 7p" - s*) 


a Agtcatyctgiaey (te 


po - s°) - 3(p" - s°) 


E mL -Lb 
(Re zea Ltd - ] 


2qn az 


f5(s.p) = 2p? - s*) - Hp! - s*) 


fear epi (= nL Jfeosh ~ oe a 


(2-55) 


I 


(2-56) 


and the gate-source capacitance expression (2-49) can be obtained from (2-55) by 
performing the following differentiations® 


where f.. = 


The first two terms of the capacitance function, Fos are the contributions due to region 


I and region II. The numerical term accounts for the fringing capacitance and is taken 


d d 
og - (a\f_o_ 
sg WV, dp J\dV eo 
Veg = constant Ved = constant 
= neg ZF 
fey + foo + 1.56 


Fe = (2) - s(1 - of 


fep(ssp) = (2)+, + (1 = 2pF AE (3) ——2— + tam 


— cosh (nL o/ea) 


from the work of Wasserstrom and McKenna’. 


(2-57) 


(2-58) 


Lo 
| (2-59) 
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2.2.4 Gate Charging Resistance 


At the present, there is no formal analytic expression for R; jn the two section 
model of the FET. It is simply assumed that the time constant + = RC, is propor- 
tional to the transit time through the channel. From the experimental data of Brehm 
and Vendelin 5 this transit time is set to 


= es -12 . 
t= RCo = 4 x 10° sec (2-60) 
From experimental data this product scales with gate length and consequently equation 
(2-60) can be written as 
tTEKL R. Cog (2-61) 


where K is a proportionality constant (K = 0.5/yum) then from equations (2-60) and 
(2-61) 


WeKiGscts es eee) 


where L is in um. 


2.2.5 Summary of the Small Signal Analysis of the Intrinsic FET 


It is useful to review the results of this section before proceeding with the noise 
analysis. The model is based on the assumption that the channel under the gate can be 
divided into two regions. In the first region, the carrier behavior is ohmic. In the 
second region the carriers move at a saturated drift velocity that does not increase 
with increased electric field. 


A pair of reduced potentials, s and p, are then defined. A second assumption gives 
a physical significance to these parameters. One assumes that the electric field com- 
ponent along the channel is much smaller than the component perpendicular to the channel. 
Then one can determine the electric field and potential in terms of the charge distribu- 
tion in the channel. From the form of the potential, s can be related to the fractional 
opening of the channel at the source end of the gate and p can be related to the opening 
at the interface between regions I and II. This assumption sets limits on the applica- 
bility of the model. In practice, it is satisfied for gate lengths somewhat larger than 
the channel depth. Fortunately, such conditions also correspond to most devices of 
practical interest. 


After defining s and p, the bias conditions, V_. and Vea? are expressed in terms 


sg 


of these parameters. The resulting equations must be solved numerically for practical 
situations which include parasitic source and drain resistances, but they provide a 
means of obtaining values for s and p. It is then possible to express all of the small 
signal parameters in terms of s, p and the physical properties of the FET. The follow- 
ing sections will develop the form of the noise figure, again in terms of the reduced 
potentials s and p. 


3. NOISE ANALYSIS FOR THE INTRINSIC FET 


Noise in a microwave GaAs FET is produced by sources intrinsic to the device and 
thermal sources associated with the parasitic resistances. The intrinsic noise arises 
from two mechanisms: the first mechanism is the thermal or Johnson noise produced in 
region I; the second mechanism is the diffusion noise in the velocity saturated sec- 
tion (region 11). 


It is convenient for noise figure calculations to represent the internal noise 
sources of the intrinsic FET by noise generators suitably connected to the external 
terminals as shown in Figure 3-1. 


NOISELESS 
INTRINSIC 
FE 


Figure 3-1. The Intrinsic FET with Two Noise Sources 
IG Represents the Induced Gate Noise, 
ID Represents the Drain Circuit Noise 


This representation in terms of external current generators is useful because the 
output generator can be identified with the short-circuit channel noise generated in 
the source-drain path, while the input generator can be related to the noise current 
induced in the gate circuit by the charge fluctuations in the drain current. 


3.1 DRAIN CIRCUIT NOISE 


The open-circuit drain voltage fluctuation produced by sources in region I is® 


4kT af \ /P. +P a 
2 ( () ) ( te) ;) 2 ( 2 

Val = lass] | ——  cosh® { -— (3-1) 
| ail éao Z/Ly (1-p)¢ 2a 


cas (e7* [(°? - s*) - 4/3 (° - s") + 1/2 (o" - s‘) (3-2) 


i 
: 
I 
I 
J 
J 


am 


= 26(F,7") (1-2)? s-o) + In (+3)| (2-3) 


The voltage fluctuations are due to Johnson noise generated in region I. Therefore, a 
kT, term occurs in which k is Boltzman's constant and T, is the reference temperature 
(300K) of the channel. Noise is produced over a frequency spectrum and equation (3-1) 
gives the resulting voltage fluctuations at the drain for a frequency bandwidth af. 
There are two terms in this equation. The first (proportional to Po) represents the 
normal Johnson noise contribution as calculated for electrons in region I. The second 
term (containing P.) provides for the fact that the effective noise temperature of the 
carriers is higher than that of the crystal when an electric field is present to move 
them through the crystal. This “hot" electron term contains an emperical constant, 6, 
which relates the effective temperature " the reference temperature, LP The value 
of 6 is modified from its published value” of 6 to a value of 1.19 to sraetde for the 
reduced saturation field of 2.9 kV/cm used here. 


The open circuit drain voltage fluctuation produced by sources in region II is® 


; 2 a: nL nL L 
2. 64a q Dag sin” x(1-p)/2a 2 2 m2 
Ya2|~ la ele ca) || ER: Jes aco SA (3-4) 


This fluctuation in voltage at the drain occurs when dipole layers form in region II of 


the channel. The layers drift toward the drain with a velocity determined by the diffusion 


constant, D, of the carriers. When the dipoles form they induce a voltage at the drain 


and at the region I-region II interface. The voltage appears as a pulse with the pulses 


described by a frequency spectrum. Equation (3-4) gives the drain voltage fluctuation 
due to pulses in a frequency bandwidth Af. 


The noise voltage contributions from each region are due to different mechanisms 
and are uncorrelated. Therefore, their mean squares add. Both contributions are 
developed across the output resistance, Tye So the resulting noise fluctuation may be 
written in terms of a current at the drain, ig: Specifically: 


Vay = Yan/"q ace 


142 = Ygo/tg 


fan] * |¥Ge] = [ia] 
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3.2 GATE CIRCUIT NOISE 


Noise voltages produced in the channel are coupled capacitively to the gate. These 
charge fluctuations on the gate in turn modulate the current through the channel and thus 
appear as noise at the drain. The short-circuit gate current fluctuation produced by 
sources in region | is given by® 


2 
16kT_af\ fee L 
: - 40 \frro 
gi) (ar )f va ) Ro hs) oy) 
where 
(1-p)? f., 
Y * #cosh (rL,/ea (3-8) 
1 2 
and 


R= (3) here? = 8?) ~ a/3e-e-t y)(p? ~ 59) #172 [Oe-)? + tery + | 


» (pt - s4) ~ ars(ery + 2) - s8) + 1Pyalo8 - ‘) 


(3-9) 


R,= 6 (1-p)9 (f,)9 }-2t<--v [p-s + an (HEB)]+ (aery - v2)p%-52)- 2/3 ? (33 


é l-s 
(3-10) i 4 
=F," Liss (93-83) + 176 (pfs) + (s?-2/3 53) (p-s)] + (3-11) 
Kos «+ (Lp/Ly) (1 - p) (3-12) 


Notice that this noise term is similar to the region I channel contribution (3-1). The 
observation is not surprising because both contributions are due to the same Johnson 
noise generated in region I. Because the boundary of region I is not a short circuit, 
but the conditions of region II, y is included to represent the modified boundary con- 
dition. If region II were not present, (Ly = 0) the hyperbolic cosine term in (3-8) 
would be one and y = 1. That fs, one would have the short-circuit condition again. 


The short-circuit gate current fluctuations produced by sources in region II are 
; given by 
3 - 2 
Ly«*(y = 0) 
ce =, (*s ge sin[n(1 - p)/2] 
wv. E,eaZ(1 - p)iry (3-13) 


. (ex mL,/a - 4 exp nLp/2a + 3+ riya) 


A-18 a 


This contribution is quite similar to the drain circuit noise (3-4) which is also produced 
by the formation of dipole layers in region II. 


3.3 THE CORRELATION COEFFICIENT 


in region II are independent of each other. However, the noise contributions from gate 
and drain for a given region are correlated. There is full correlation between igo and 
igo with a capacitive 90 degree phase shift between the currents. Thus, 


ave (a) fz) ms 


The correlation between ur and ig) is not complete and the combined noise current 


| The Johnson noise produced in region I and the noise due to dipole layer generation 


is given by? 


- Ss. +S er 
Sree ere os cts 2 1/2 
i * j = j CSAC 1; EREEES F/) j | é : (3-15) 
2 gl dl (R a2 ep. +P ae [91 ‘ail 
0 
= where 
Sy? nye [o? - $2) - a3 (p) - 52) + 172 (pt - 543] 
(3-16) 
+ y - 2/3: (pos?) Hp’ 3-4!) 975 (pe st 
Ss = 26(f))"21 - ie - ys - p+ In F=S)] + 1/2 yb" - “4 (3-17) 
The overall correlation coefficient is defined by the expression 
wie AZ at 
jc = ‘q m (Cala 
(3-18) 
ae NIfeyp ie Nid 32 \1/2/ 42 \I/2 
Ave sae yO Ya a We 
Wey 17 —} \ =] \=r 
R +R P_ +P . 2 - 2 . 2 . 2 
*) 6 0 s) ‘y V4 ‘g ‘q 


Substitution of equations (3-1) through (3-7), and equation (3-13) in equation (3-18) 


yields 
SS, 
oer UL no pe Vz +t ort) 


we Sage Seances fans chs ae lak Re na ko i a a ik a uc enn a aS eae 8S 


ees toons rama 


ow eth Aen 


where 


icc 
P,* Q (Pp. + Pa) (3-20) 
fy fay 
g 
tse Ball 
ae ea}fs 
afem (3-21) 
P=P +P, (3-22) 
2 /f, Vr est 
oft 1\f (3-23) 
Ry = a(t) (A) (*,)ce, + ®,) 
Cc 
Ler 4 fF 2 
R, = (:) [; 5 eae [x‘(y = o) If, (3-24) 
r ¢ 
R= R, + Ry (3-25) 
: 2 aL me mL 
_ 16 (D.\fsin(/2)00 - ( mee ier 2 : 
f, - (5.\[ infos?) —P)} exp —~ - 4 exP Za ao (3-26) 


The final form of the correlated noise, given py (3-19), reflects the partial correlation 
between region 1 contributions ‘the first term) and the total correlation between region 
{I contributions (the second term). The noise figure developed in the following sections 
will be expressed in terms of the quantities R, P and C listed here. 
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4. NOISE FIGURE ANALYSIS FOR THE FET 


4.1 INTRODUCTION 


The noise figure analysis to follow will be based on the equivalent circuit for 
the FET shown in Figure 2-3. The assumed configuration will be common source, with 
the gate considered as the input port and the drain considered as the output port. 
This configuration was chosen because it represents the typical front-end stage of a 
microwave receiver. Que to the amplification mechanism of the FET; the greater con- 
tribution to the overall noise figure of the device is provided by those elements 
connected to the input port; while the contribution to the noise by the elements con- 
nected to the output port is small; under this line of reasoning the noise contribu- 
tion of the drain resistance and, the drain-gate capacitance Cag? the source drain 
capacitance Coae and the parasitic resistance Ry (see Figure 2-3) can be neglected 
without incurring significant error and greatly simplifying the equivalent circuit 
to be used in the noise analysis (see Figure 4-1). 


Figure 4-1. Simplified Equivalent Circuit Model 


| 
| 


4.2 NOISE FIGURE DERIVATION 


The intrinsic FET shown in the simplified schematic of Figure 4-1 can be 
represented by two short-circuit Y parameters. 


jul 
sas ea os 
Jue i 
g 
m 
69S (4-2) 
21 + Jul, GR; 
Also, the noise Figure F for this simplified circuit can be expres“ed as 
} 2 
ji +i +i j 
aie eee (4-3) 
; 2 
|*2| 


vihere Vg igs ‘go° Vo? and Vg are the noise components in the short-circuited drain- 


source path produced by the noise generators e n? &sn? igs ig and Con? respectively. 


The noise generators representing the extrinsic thermal sources R_, Ro» and the 


g 
real part of Z. are given by their mean square values as 
Jeon? | = 4kT Raf (4.4) 
gn og : , 
\ 2 = = 0 
en! AkT Roof (T, = 300°k) (4.5) 
le.*n| = 4kT_(ReZ.)af (4.6) 
Zz (e) Ss ‘ 


where "Re" denotes “real part of" 


Analyzing the circuit of Figure 4-1, equation (4.3) can alternatively be expressed as 


rae Sale 
7 aan (Rg ehece z6) lig | 
Yor 4kT Af 
1+Y,, RR +R +Z)\* i*i 
- 2Re lr, + R, + zZ,) ees) See aes ee) a d | 
kT af 
a 0 
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The terms of equation (4-7) that contain the intrinsic noise current sources ig and ie 


can be written alternatively as 


i 2 ae 
lar - SL (4-8) 
A a g R 
o m 
—- 
d . 
lat aF te gaat (4-9) 
T,*iy ell Tf)? | " 
at i akT AF = JC ul. (RP) (4-10) 


where Ry» P, and C are defined by equations (3-25), (3-22) and 3-19). respectively. 


4.3 MINIMUM NOISE FIGURE 


From equation (4-7) and using equations (4-8), (4-9), and (4-10) the minimum 
noise figure can be evaluated by setting the partial derivative of the noise figure 
with respect to the source impedance Z, equal to 0. This yields 


Z. opt = Ropt + j X, opt (4-11) 


1/2 
2 1 - C (R/P) 
Ropt | RG + R, + Re 


YO - cirypyl/2]2 - (1 - c2) aye 


1/2 
X.opt = -Im a a 
¥5, Fh - c(rspy*)° - 


ek R(1 - C*) 
Pie: (RP) oI ae COP ORIP 


and "Im" denotes “imaginary part of." Also 


eS a 


Ky * ate - c(r/p)!/2]2 + (1 - c?) Rvp} (4-15) 


With this optimum source impedance given by equation (4-11) the minimum noise figure 
can be found by substitucion of equation (4-11) into equation (4-7). Also since the 
noise figure is a frequency dependent function, equation (4-7) can be expanded as a 
power series in uw; this yields 


Fa, °F) ir (ity ae (r)!% +R) ci - c(r/p)!/2y2 + aca - “| V2 


2 
+2 (-) fo, (t-) (Ry + Re) P e - c(r/p)t/2)? + ((1 - c) R/P) (4-16) 


+ 


g,, R,P [1 2 cine)? ]| 


where the term Wl g/ Im in the expansion has been expressed as f/f, (F7=9,/2nC, 4). 
fy is the gain-bandwidth product of the FET or the frequency at which the current 
gain of the device drops to unity. 


4.4 TEMPERATURE EFFECTS ON NOISE FIGURE 


From Equation (4-16) the straight-forward dependence of noise figure on the device 
temperature can be observed in the terms that contain the ratio T/T). There is, 
however, a very strong dependence of gain on the ratio T/T, given by the expression 


f (sp) i 
var aa (2aZE.) (upNo) (7) (4-17) 


From equations (4-16) and (4-17), it can clearly be observed that the dependence of 
noise figure on temperature can best be evaluated by a numerical process. After describ- 
ing the contributions of the ancillary regions to FET noise figure, the results of the 
numera) analysis wil] be presented. 
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5. FET WITH VARIABLE DOPING PROFILE 


5.1 SMALL SIGNAL PARAMETERS 


Consider the FET as shown in Figure 2-5 with a doping concentration N(y) which 
is a function of the depth below the gate. It is convenient for the analysis to 
follow, to change the coordinate system in Figure 2-5 such that y = 0 at the upper 
left-hand corner of tne region under the gate and consider only the upper half of the 
device. By Poisson's equation 


dE 
 Soaeee ae - 
dy eto N(y) (5-1) 
and 
= —9 = 
Ev(y) ao [xev) + c,| (5-2) 
where the notation N(y) represents 
y 
/ N(y) dy 
0 
Similarly, (5-3) 
=—— y 
N(y) oy N{y) dy 
6) 


At the depletion depth y = Yq? it is required that EY = 0; thus from equation (5-2) 


a[ntva)] , 


Ey(y¥q) = ee, Cc, =0 (5-4) 
and 
eas. [Ncy) - Wyg)] (5-5) 
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The potential across the depletion layer can be obtained by direct integration of 
equation (5-5). Thus, 


7 = edu = —4 ffjy) - - 
wy = fo gs fl cave oh fit) - y HQ) + C7] (5-6) 
since W(y) = 0 at z = 0 the constant C, in equation (5-6) can be evaluated as 
Co = - N(O) 
4 
and : 


wy) = —& [Ny - y NOG) - NO (5-7) 
ro 


Equation (5-7) is analogous to equation (2-12) of the constant doping profile case. 
It is convenient for the following analysis to introduce the dimensionless variable 


w= y/at where w runs from 0 to 1 across the epilayer; using this dimensionless vari- 
able equation (5-7) can be rewritten as 


2 ———- 
W(w) = 2 Es - wu Woy (5-8) 
r€o 
where the term N(O) = 0 has been dropped. 


In equation (5-8) 


WwW a) 


N(w) -f N(w)dw and N(w) =f N(w) dw 


(°) {e) 


The potential across the depletion region is W(w4) where 


2 ae 
W (wg) = 2 ANG) - 0g Weg] (5-9) 
ro 


By considering the integral 


tw when used as normalized channel depth is not to be confused with angular 
frequency. 


SRT LEASE TY, PRONTO IT 


i 


aaa: deine 


and integrating by parts; it can be shown that: 


u) a) 


d d 
f w N(w) dw = wy NCw 4) -f N(w) dw (5-10) 


0 0 
thus equation (5-9) can be alternately written as 


2 
Wwg) = i w N(w) dw (5-11) 
0 


Using equation (5-11), the potential required to deplete the entire epilayer of car- 
riers is 


2 patate 2 
= ga” [my ere eee : 
We EnEo N(1) N 1] ene w N(w) du (5-12) 
0 


The potential expressed by equation (5-12) is analogous to Woo of equation (2-6) for 
the constant doping profile case. 


To calculate the total drain current flowing in the channel, one can follow a 
procedure very similar to that of Section 2.2, equations (2-16) through (2-20), and 
by Ohm's law at a distance x from the source 


a 


ly © Qu,Z f N(¥q) dy E(x) (5-13) 
Yd 


Using the dimensionless variable w, equation (5-13) can also be written as 


1 
ly = qu Zak, (x) f N(w) dw 
“d 


(5-14) 
= qugZaéy(x) |NCT) - Wag)] 


To evaluate E(x) one can Start from equation (2-2) properly modified for the vari- 
able profile case, thus: 


E(x) = - od (5-15) 
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E(x) = ba ; dilwg) 
x dx du 
d 
and from equation (5-11) 
) 
| do ce, Yd Nwg) 
d ro 


| Using equations (5-15) and (5-16), equation (5-14) becomes: 
2.3 
- Uy 2q eee a ee dug 
bee (N(1) - N(wd)} wy Nog) ao (5-17) 


r“o 


Integration of equation (5-17) over the length of region I i.e., from x = 0 to x = Ly 
yields (dropping subscripts) 


2.3 
uiZq-a 
I, = 2 f,(s,p) (5-18) 
d Eneghy 1 
where 
p p ue 
fi(s.p) = am f wN(w) dw -f wN(w) N(w) dw (5-19) : 
S Ss 4 


In equation (5-19) the quantities s and p represent the values of w = y/a at x = 0 
and x = Lj, respectively. Also the function f, (ssp) described by equation (5-19) is 
analogous to the one described by equation (2-20) in the constant doping profile case. 


From the general equations (2-3) and (2-4) it can be concluded that the potential 
drop from x = 0 tox = Ly (across region I) is 


v(Ly) - V(0) = W - We (5-20) 


p 


Also since at x = Ly the carriers reach their saturation velocity and E(x) = Eo» then 
the expression for the drain current in region II is 


Ty = quyZaE (NCI) - N(p)] (5-21) 
Thus equations (2-3), (2-4), (5-18), (5-19), (5-20), and (5-21) establish relations 


between the quantities s, p, Ly and Iy to the potentials Veg? V(Ly) and the 
corresponding doping density integrals. 


Baie De oe hae te eb dat DES de eee be 


Petar: : 


In region II the potential function 4(x,y) is assumed to be determined by the 
charges in the depleted region and free charges on the drain electrode, consequently, 


o(xsy) = 0, (x5y) + o9(x,y) (5-22) 


Perera rs 


where 0, (xy) is the potential due to the depletion charges and 9 (x.y) is the 
potential due to free charges on the drain. To solve for (x.y) the process to 
follow is that of Section 2.2, equations (2-31) and (2-32); this yields the result. 


I 
[ 
l 
I 


a(x - Ly) 
do(xay) = 2a E. sin(32}sinn [op | (5-23) 


From equation (5-7) the potential $1 (x.y) is obtained as 


$4 (xy) 7 a_ligr - y atpar | (5-24) 
ro 


However, this potential given by equation (5-24) gives no sa contribution in region II, 
gives zero electric field at the channel and zero potential at y = 0; consequently, 

the potential due to 91 (x,y) + o9(xsy) measured along the channel from x = ly to 

xX = Lo is due entirely to oo: Adding the potential drop from x = 0 to x = L one can 
obtain from equations (5-20) and (5-23) the source to drain voltage given by 


Veg = W(p) - W(s) + 2a f sinh eee (5-25) 


Equation (5-25) with equations (5-18) and (5-20) enables one to solve for the current- 
voltage relationship of the FET. From equations (5-18) and (5-21) I, can be eliminated; 
this yields 


L 5 igares. Hite) (5-26) 


J epee. NCI) - Ntpy 


Equation (5-26) is analogous to equation (2-25) for the constant profile case but q 
f, (ssp) is given in this case by equation (5-19). 


Just as in the constant doping profile case, equations (5-25) and (5-26) forma 
pair must be solved simultaneously in order to determine p, s, then Ly and IY. 
5.1.1 Transconductance 

Following the same procedure as the one outlined in Section 2.2.1 and from 


equations (2-38), (5-11), (5-20), (5-21), (5-25), and (5-26), the expression for the ! 


feet eermenane ecnererwer 


| 


transconductance for the variable doping profile case can be shown to be 


eRe Ug2 E. 
oe 8 ¢ (s,p) (5-27) 
where 
(NT) - N{s)] cosh (nL,/2a) - [N(T) - N{p)] 
fg(s»P) = (5-28) 


{O{NTT) = NUB)] + c,egEcly/aa"} cosh (wLp/2a) ~ p[NTT) - NTp)} 


This expression given by equation (5-28) reduces to that of equation (2-45) when 
N(w) = Ny = constant. 
5.1.2 Qutput Resistance 


Following the same procedure as the one outlined in Section 2.2.2 and using 
equations (2-46), (5-25), and (5-26) the expression for the output resistance can be 
obtained as 


a 
vq = Eppigt Ey Pr'S+P) (5-29) 
where 
cosh (nl./2a) -1] dp - N(p)) e.E.L,/qa°) cosh (nL,/2a) 
f.(s,p) = Sie Ne Le I) By eas he 
N(1) - N(p) (5-30) 


5.1.3 Gate Source Capacitance 
From Section 2.2.3 and using equations (2-49), (5-23) through (5-26) the gate- 
source Capacitance can be expressed as 
Cog = Cy + Cy + 1,56 Ene gd (5-31) 
where Cy and Co are the capacitance contributions due to regions I and II, respectively. 


The numerical term accounts for the fringing capacitance as in the constant profile 
case. The capacitance contribution due to region I is given by 


gt | f,(s,p) —s ) 

2 N(i) - N(S) 
f N(p) a ee | Sf N(s) 5-32) 
E | a id (NCI) - N(p)) N(1) - N(p) : 
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and the capacitance contribution due to region II is 


€.€,Z Lb qaZN(p) + cc 2 E. sinh (nL,/2a) 
ean ames 2 t4(s.p) + ee eG 72a 2 
; 9 S oO 
7 fr - £.(s,0)] 
i g 
‘ 5.1.4 Gate Charging Resistance 


On the basis of the assumption of Section 2.2.4 that the time constant x = R. C 
is proportional to the transit time through the channel one can write 


L L 

1 

= dx dx 

’ “f u E(x) +f vo (5-35) 

ox s 
(0) Ly 


The first integral on the right-hand side of equation (5-35) can be evaluated using 
equations (5-14) and (5-17) thus: 


Ly q3y zea‘ Ly 
1] dx _ 0 . 2 
Wey. 2,0). qe f INT) = Mugi] uglug) dong (5-36) 
0 rod 0 


The second integral on the right-hand side of equation (5-35) is simply Lo/Ves con- 
sequently, from equations (5-35) and (5-36) 


: es "af = SS 
SER FRE Meme Re om OK rE ner ie EY einen» SCTE “ 


R _ 1 [bata ac at }} wN(w,) d fee (5-37) 
i ¢ 2 Wg Bgl eqs Seq Uges 
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5.2 NOISE ANALYSIS FOR THE INTRINSIC FET WITH VARIABLE DOPING PROFILE 
5.2.1 Drain Circuit Noise 


The open-circuit voltage fluctuation produced by sources in region I for the 
variable doping protile case is 


AKT of p +P =i 
| val ales - a cosh (zz) (5-38) 

where 

; wy 2 
Py fC) - WO? ws Nu) dt (5-39) 
Ss 
and 

= 6 (N1) - Noy fg u ade) du ae 


NC) 


whereas the open circuit drain voltage fluctuation produced by sources in region II 

is given by the same expression as for the constant doping profile case or equation 
(3-4), equations (5-38) through (5-40) are analogous to equations (3-1) through (3-3), 
respectively. As in the constant doping profile case, the noise voltage contributions 
of the two regions are uncorrelated and their mean squares added. 

5.2.2 Gate Circuit Noise 


The short-circuit gate current fluctuation produced by sources in region I for 
the variable doping profile is 


2 2 
gaZL, =r) ae ) cosh” (nL,/2a) 
—t- amare aeRO, | R R 5-41 
i ig * i(F €r€o'd/ [N(1) - N(p)) aa 


where 


2 
S qa_\p (N(1) - N(p)] 1 
wre ‘ r -) Esty | cosh { ym ei 
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([-«- + y Nog)? (NQ) - Nlogh) ? ®q N(w4) dug 


e —— 12 
[Ko + y N(wg)] (5-44) 
Rae CNRS Pe oti) iy 
; s [WN -w,) * 7 9 


p p 


ud a Z Lo etre yee. 
Kos Seu Fy (wgs8) Nag) dog +f y Niwg) dog + 2 (NCI) - Mp)] (5-45) 
rodly és 1 


Equations (5-41) through (5-45) are analogous to equations (3-7) through (3-10) and 
equation (3-12) respectively for the constant doping profile case. 


The short circuit gate current fluctuation produced by sources in region II is 


given by the same expression as for the constant doping profile case or equation (3-13). 


5.2.3 Correlation Coefficient 


Following the same argument given in Section 3.3, the correlation coefficient C 
is given by equation (3-19) in which the expressions for Po Pe Ro R. are given by 
equations (5-39), (5-40), (5-43) and (5-44), respectively. For So and Ss the expres- 


sions are 


p 
So = -f ([K«- + y N(w4)) (NC) 1) - Nagi} * w q (ug) dw (5-46) 
$ 
P -K* + y N(w,) 
$= e8 WD) - ONS f ai) Nw) (5-47) 
: ie N= Ney to 

and for Pi Pos P, Ry» Ro ane: § the expressions are 

a2 , cosh® (nL,/2a) 
Pp. ae een whee eb a) (5-48) 


Eola Imig) INCL) - N(p)] 


Z 5-49 
Ne ota 2} ea 
Sm" Yo *s fr fo 
r 5-50 
P =P, +P, (5-50) 


qa Zlsg, cosh? (nL,/2a) 


R. ={— (R_ +R.) (5-51) 
i 2 Ane = Fah SS 
re Sold sg [N(1) - N(p)) 
23-2 
q’aL,“g 
R = 1m ee 2 f (5-52) 
a Va ee er a 3 
d. °r So: Fd sg Mo's 
= 5-53 
R=R, +R, ( ) 


The function f, of equations (5-49) and (5-52) is the same as for the constant doping 
profile case and is given by equation (3-26). 


5.3 NOISE FIGURE ANALYSIS FOR THE INTRINSIC FET 


The process to follow in order to obtain the noise figure for the FET with vari- 
able doping profile is the same as the one outlined in Section 4.2; this leads to 5 
identical expressions as those given in that section; consequently, they will not be 
rewritten here. It must be understood, however, that the expressions for Pie Po» P, Ry 
and R, are given by equations (5-48) through (5-52), respectively. The same line of 
argument is followed for the minimum noise figure derivation of Section 4.3 and the 
temperature effects on noise figure expression of Section 4.4. 
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6. ANCILLARY REGIONS 


For the purpose of developing analytical expressions for the parasitic resistance 
Ro Res and Ry it is convenient to set up a coordinate system and establish dimensions 
(see Figure 2-4) as shown in Figure 6-1. 


NEUTRAL 
10.0) CHANNEL 


2 


X BUFFER LAYER 110! 10! cr 


X SEMI-INSULATING SUBSTRATE 


Figure 6-1. FET Cross-section 


6.1 PARASITIC SOURCE RESISTANCE 


The parasitic source series resistance consists of a metal sheet resistance term 
similar to the gate series resistance, but also includes contact resistance from 
metal to GaAs (Reo) and channel resistance between the gate and source contact metal- 
lizations (Ro). If Och is the sheet resistance of the channel, Re (Figure 6-1) may 
be estimated as 


Pp L 
1. sch 41 
Ris — (6-1) 


The contact resistance may be described as a,distributed resistor network as 
indicated in Figure 6-2. The equations which describe this system are 


xX 


1(x) -f V(x) G dx ; or, 2h = v(x) 6 (6-2) 
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V(x) = V(0) “f I(x) R dx 3 or, vs I(x) R (6-3) ' 
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Figure 6-2. Contact Resistance and Equivalent Circuit 


These can be combined to a single equation 


a7 
= = RG I(x) (6-4) 
ax 
G is determined by the specific contact resistance, Po which is typically 1074 
2 
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k is determined by the sheet resistance of the GaAs under the contact metal. For an 
active implant of 10!4 /en?, this sheet should be bere #15 Q/o 
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y2 = RG = (-s<9) Mi SX 10” 
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solutions to 6.3 have the form 
1 = Aev™ + Be” 


The boundary conditions are that 


thus 
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V(x) = G ox 
or 


(6-6) 


(6-7) 


(6-8) 


Clearly, the most effective way to minimize Reo is to minimize both Bens 
make éyl, >> 1. For the values quoted, eyL. ~ 1 at Le = 13 um, indicating that con- 
tact resistance cannot be improved by making contacts longer than about 40 um. Total 


and Pe and 


resistance R, is therefore 


p = sheet resistance of GaAs under contact metal 


pe, = specific contact resistivity — metal to GaAs 


re) = sheet resistance of channel between contact and gate 


L_ = contact length 


rc 
u 


1 space contact to gate 


sheet resistance of source contact metal 


Z= device width 
6.2 PARASITIC DRAIN RESISTANCE 


The parasitic drain resistance Ry is calculated the same way as Roy with Ly 
replaced by L3- Lo and Lo replaced by the drain contact length. In fact, most device 
designs have symmetrical source and drain geometries, leading to Ry = R.- 


6.3 PARASITIC GATE RESISTANCE 
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The parasitic gate series resistance R_ is due to the series resistance of the 
gate metallization; for the single lump equivalent circuit it is the resistance from 
the gate terminal to the center of the device 


(6-10) 
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where po is the sheet resistance of the gate metallization, Z is the gate width, and 
Lg is the gate length (Lo zFl,- tl, in Figure 6-1). R_ can be minimized by keeping 
°shg low (thick aluminum) or by keeping the effective Z small by paralleling several 
devices with small gate widths rather than using a single device with large gate 


width. 
6.4 SOURCE-DRAIN AND GATE-DRAIN CAPACITANCES 


The expression for inter-electrode capacitances between parallel strips immersed 
in an infinite dielectric medium was developed by Smythe? modifying his expression 
to account for the air dielectric above the electrodes the expression for both capa- 
citances Cag and Cog becomes 


eel 
Cie ta eval el Koay) (6-11) 


where K(k) is the complete elliptical integral of the first kind given byl? 


x/2 
/ (1 - k sin? 0) 71/4 ao (6-12) 
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the argument k of equations (6-11) and (6-12) is given by 
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APPENDIX B 
FET MODELING CODE LISTING 


The following is a complete listing of the FET modeling code. The major program 
is written in FORTRAN. The program is followed by a listing, which begins on page 
B-70, of the subprogram used to investigate the effects of a nonuniform vertical 
doping profile. The subprogram is written in BASIC. 
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APPENDIX C 
SUPPLEMENTARY PROCESSING DATA 


Several GaAs samples from different vendors were evaluated for thermal conversion 
and implant damage enhanced conversion. Data shown in Figures 1 through 5 is typical 
of ingots which did not pass the qualification tests. The A figures show thermal con- 
version without implant. The B figures show ion implant profiles characteristic of 
these wafers which convert. 


The implant data of a series of qualified wafers which have been implanted for 
device and circuit application are presented in Figures 6 through 36 in two groups: 
100 keV implants for a pinchoff of 1 to 2 volts are shown in Figures 6 through 28 and 
200 keV implants for a 3 to 4 volt pinchoff are shown in Figures 29 through 36. This 
data indicates a high degree of repeatability. 
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APPENDIX D 
SUPPORTING ANALYSIS AND DATA FOR THE 
ANALOG MULTIPLIER DESIGNS 


SPICE MODEL PARAMETERS DXL2503 DEVICE D2 


Figure 1. Spice Parameters for Device D2 
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SPICE JFET MODEL PARAMETERS FOR OXL2603 DEVICE D4 


Vgs VTO 


Figure 2. Spice Parameters for Device D4 


The purpose of the appendix is to show that the_drain to source voltage of transis- 
tor 0, (and Q) is 1/3 the differential voltage - 


rr 


Figure 3 is a redrawing of the basic differential amplifier stage shown in Figure 5-15. 
Figure 4 is the equivalent differential mode half circuit about the x-x' axis of symmetry. 
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Figure 3, FET Differential Pair 


Solving for V 


ds5 
Maggy Xe 1) 
ml 
= 2 2 
" E : | ; = 
V a So A/2 (3) 
2 Ime % Sas5 
If it can be shown that : 
Sn)” Sng = average value of ass (4) 4 
then substituting (4) into (2) and (3) 
Vy, = 13 A/2 (5) 
Vo = 3 A/2 (6) 
Vice = Vo -Vy = 34-134 = 3A (7) 
ds5 1 2 2 2 . 
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It is only left to show that (4) is correct under certain conditions. These condi- 
tions are that Q> Qs and Q, must have identical geometries and doping levels, and that 
Q, be driven by a perfectly symmetrical sinewave. 


Using the data taken from DXL2503 device, the following table shows that for a given 
gate voltage, Sm and Gy, are approximately equal. 


‘g 3m Sus 
0 35 40 
0.5 30 34 
1.0 15 7 

2.6 6 


If all gates are dc grounded and the current sources are adjusted such that the 
source of Ql and 92 is at 1 volt, then notice that the source of 05 is at 1 volt. 
Therefore, Ves1 = Veso = Voss and Gm. = Sm2 *9ds5° When signals are applied, Vas1 and 
Vgs2 change very little because the RF voltage is small; therefore, nl and a) remain 
constant. 9455 varies sinusoidally at the LO rate from its dc value of 15 mmho up to its 
maximum value of =30 mmho down to a minimum of 0 mmho. It can clearly be seen that 9455 
average = 15 mmho, the dc value of Sus5° Hence, Gay = Sm = average value of 94s5° 
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